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ABSTRACT

Catalysis plays a fundamental role in petroleum refining and basic petrochemical
industries creating new routes in the development of industrial processes. Moreover,
catalysis has become indispensable to the solution of environmental pollution problems
and therefore on public health. World wide concerns for preservation of the
environment has motivated the development of “Green” catalyst based technologies, to
achieve a better utilization of petroleum resources and demands for cleaner
transportation fuels. These environmental concerns have led to increasingly drastic
regulations on sulfur, nitrogen and aromatics content in fuels. Sulfur content in the
motor and diesel fuels is continuously reduced by regulations to lower levels. The
current specification in Europe and USA calls for maximum sulfur content of 50 ppm in
gasoline and diesel by 2005 [1,2], and this level will be reduced to below 10 ppm by
2010 [1]. These facts have created a demand for better and more effective catalysts
and catalytic processes to provide cleaner fuels.
Transition metal sulfide (TMS) catalysts play an important role in the petroleum
industry. TMS are unique catalysts for the removal of heteroatoms (N, S, O) in the
presence of large amounts of hydrogen [3]. Hydrodesulphurization (HDS) of petroleum
feedstocks are commercially achieved with MoS2 or WS2 supported on alumina and
promoted by Co or Ni, [3,4]. Co-promoted catalysts are mainly used for HDS, whereas
Ni-promoted catalysts are superior in hydrodenitrogenation (HDN) and hydrogenation
vii

(HYD) reactions [5]. Catalysts currently employed need to be improved to satisfy the
imminent restrictions that require the removal of the most refractory species, mainly
alkyl-substituted polyaromatic thiophenes. In the current work a new family of
unsupported TMS catalysts is presented with volumetric efficiencies significantly greater
than current commercial catalysts. The scientific basis behind the activity improvements
and the progress toward commercialization is presented.
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CHAPTER 1
LITERATURE REVIEW

1. Hydrotreating Processes

Today, the goal of refineries is not just to maximize the conversion of crude oil but to
fabricate cleaner products. There are many individual processes for the obtaining of
desired products such as catalytic reforming, fluid catalytic cracking, hydrocracking,
thermal cracking and hydrotreating.

Hydrotreating processes are reductive hydrogen treatments of the organic molecules
contained in crude oil, to remove heteroatoms like nitrogen, oxygen or sulfur.
Hydrotreating processes are also used to upgrade and process crude oil into high-value
products. The motivation to remove sulfur and nitrogen from fuels is due to the fact
that the burning of S and N containing fuels presents a severe danger to the
environment through the formation of acid rain from SO2 or NOx emissions. The
hydrotreating process needs a large amount of hydrogen to treat crude oils. Pressure
varies from 10-20 atm for naphtha to 25-40 atm for gas oil. Temperature conditions are

1

generally 320-340ºC. However, for some hydrocracking residues, pressure and
temperature conditions can reach 100-150 atm and 400-440ºC.

TMS catalyts, used in refineries, are mixed sulfides of Cobalt-Molybdenum (CoMo) or
Nickel-Molybdenum (NiMo) with a promoter atomic ratio: Co(Ni) / [Co(Ni) + Mo(W)]
between 0.2 and 0.4 [6], supported on high surface area materials such as alumina to
increase dispersion of the active component of the catalyst. Whereas CoMo sulfide is
the favorite catalyst for hydrodesulphurization (HDS) reactions, the use of NiMo sulfide
is preferred in hydrodenitrogenation (HDN) reactions and hydrogenation processes, in
order to treat feedstock with a high concentration of unsaturated compounds.

Phosphorus is sometimes added to the alumina support to change the acidity of the
support, weakening the interaction of the Mo phase with it, resulting in lower dispersion
of the Mo phase. The catalytic influence of phosphorus strongly depends on its content,
showing a negative effect at high loadings. Phosphorus shows little effect on
hydrodesulfurization but it shows a positive effect for hydrodenitrogenation reactions,
improving the selectivity toward hydrogenolysis (removal of heteroelements) versus
hydrogenation [7]. Besides, phosphorus provides better resistance to coke formation in
the hydrotreatment processes because of decreased acidity of the γ-alumina support
surface and increased C-N bond cleavage due to an increase in the surface acidity of
the support [8].
2

The role of the alumina support is primarily to disperse and stabilize the MoS2-based
hydrotreating catalyst, forming small stable MoS2 nanoclusters that present

a high

concentration of MoS2 edge sites that results in an increase of the amount of Co (Ni)
that can be accommodated in the form of the active Co–Mo–S (Ni– Mo–S) structures
[9]. This support effect is caused by a strong interaction between MoS2 and Al2O3. The
alumina also serves the function of making the catalyst less expensive by diluting the
metal. More acidic supports (SiO2-Al2O3, Y-zeolite) are preferred for hydrocracking
reactions. A massive number of papers was written in an attempt to understand the
effect of the support but, because of the highly disordered nature of the MoS2 particles,
little new light on the fundamental nature of the TMS catalysts was obtained.

Refineries have to make a large effort to meet regulations imposed by EPA that
established maximum sulfur content of 50 ppm in gasoline and diesel which will be
reduced to 10 ppm by 2010. These regulations create the necessity to apply severe
hydrotreating processes (more reactor volume, higher pressure and temperature).
However, for gasoline hydroprocessing leads to an unacceptable large drop in octane
number due to hydrogenation of olefins. For refiners this means an enormous
investment in new desulphurization processes, leading to a search for the most efficient
and economic way to remove sulfur impurities from petroleum. This leads to areas of
opportunity to develop new and better materials through novel synthetic methods
described below that lead to catalysts with remarkable activity and selectivity.
3

1.1 Hydrodesulfurization
Hydrodesulfurization (HDS) is the process whereby sulfur is removed from organic
sulfur compounds (thiols, thiophenes, organic sulfides) that are present in petroleum
feedstock by treatment at high pressures with hydrogen gas at temperatures of 300450°C yielding a sulfur free organic compound and hydrogen sulfide. Organic sulfur
compounds are undesirable in the petroleum because they are acid rain precursors and
a poison to catalytic reactions where precious metal-based reforming catalysts are used
in producing high octane gasoline. The most recalcitrant compounds are thiophenes,
which are present in petroleum from thiophene itself to more condensed molecules
such as benzothiophenes (BT) and dibenzothiophenes (DBT).

The sulfur compounds are very similar in their characteristics to hydrocarbons, for
instance vapor pressures, and this is why they cannot be isolated by distillation process.
Sulfur containing compounds present varying reactivity towards hydrodesulphurization.
Reactivity is dependent upon the local environment of the sulfur atom in the molecule,
and the overall shape of the molecule. HDS is highly efficient at removing thiols,
sulfides and disulfides, but is less effective for aromatic thiophenes and thiophene
derivatives, especially refractory compounds, those containing functional groups that
hinder the sulfur atoms. Sterically hindered dibenzothiophenes that are substituted in
the 4,6-positions such as 4,6-dimethyldibenzothiophene represent a major challenge for
researchers in HDS [6].
4

Table 1-1 Some sulfur containing compounds in petroleum

Compound Class

Structure

Thiols (mercaptans)

RSH

Disulfides

RSSR’

Sulfides

RSR’

Thiophene

S

Dibenzothiophene

S

Me

4,6 Dimethyl Dibenzothiophene

Me
S

1.1.1 Hydrodesulphurization Process Description
In an industrial HDS unit, such as in a refinery, the hydrodesulphurization reaction takes
place in a fixed-bed reactor at elevated temperatures ranging from 300 to 450°C and
elevated pressures ranging from 30 to 130 atmospheres of absolute pressure, typically
in the presence of a catalyst consisting of an alumina base impregnated with cobalt and
molybdenum.
5

Figure 1 shows the equipment and the process flow streams in a typical refinery HDS
unit [10], where the liquid feed is pumped up to the required elevated pressure and is
connected by a stream of hydrogen-rich recycle gas. The resulting liquid-gas mixture is
preheated by flowing through a heat exchanger. The preheated feed then flows
through a fired heater where the feed mixture is totally vaporized before entering the
reactor and flowing through a fixed-bed of catalyst where the hydrodesulphurization
reaction takes place.

Figure 1. Process flow streams in a typical refinery HDS unit [10].

The hot reaction products are partially cooled by flowing through the heat exchanger
and then directed to a water-cooled heat exchanger before it flows through the
6

pressure controller (PC) where suffer a pressure reduction down to about 3 to 5
atmospheres. The resulting mixture of liquid and gas enters the gas separator vessel at
about 35 °C and 3 to 5 atmospheres of absolute pressure [11]. The gas fraction is
routed through an amine contactor for removal of the reaction product, such as H2S
that it contains. The H2S-free hydrogen-rich gas is then recycled back for reuse in the
reactor section. The liquid fraction from the gas separator vessel is routed through a
stripper distillation tower. The bottoms product from the stripper is the final
desulfurized liquid product from hydrodesulphurization unit. The hydrogen sulfide
removed and recovered by the amine gas treating unit is subsequently converted to
elemental sulfur in a Claus process unit.

1.1.2

Hydrodesulphurization

of

Dibenzothiophene:

a

model

reaction
Among the variety of sulfur compounds present in the petroleum, Dibenzothiophene
(DBT) has served as a model compound for hydrodesulphurization reactions. According
to Angelici [6], HDS reactions performed with model compounds represent situations
that are very different from those used in industrial hydrotreating, however, they do
provide realistic examples of how reactants might adsorb and react, let us understand
how these processes might occur and over the years have provided an effective
screening method for new catalysts.

7

The HDS of DBT proceeds through two different parallel pathways: the direct
desulphurization pathway (DDS), for which a direct C–S bond cleavage of the DBT
molecule leads to biphenyl (BP), or the hydrogenating pathway (HYD), which produces
cyclohexylbenzene (CHB) by an initial hydrogenation of one of the aromatic rings of the
DBT followed by C–S bond rupture. The HYD/DDS selectivity ratio is based on the
product concentration ratio (CHB/BP) at steady state conditions. An intermediate
primary hydrogenated product, tetrahydrodibenzothiophene (THDBT) is formed along
the HYD pathway (Figure 2).

Figure 2. Hydrodesulphurization of Dibenzothiophene [12]

8

1.2 Hydrodesulphurization Catalysts

Despite the fact that sulfur metal compounds poison many metallic catalysts, transition
metal compounds such as molybdenum and tungsten, while converting to sulfides
during use, retain their ability to hydrogenated aromatic compounds [13] because their
exceptional resistance to poisons. Transition metal sulfides (TMS) find their application
in removal of sulfur (Hydrodesulfurization), removal of nitrogen (Hydrodenitrogenation)
and petroleum feedstock upgrading (hydrogenation).

Pecoraro and Chianelli [14] established that many TMS are active in the HDS of DBT, in
which the 4d and 5d TMS shows a volcano–type activity trend, establishing an activity
scale for TMS as a function of the periodic position of the transition metal, as shown in
Fig. 3, proposing that the periodic activity trends can be explained by Sabatier behavior
(optimum in sulfur bond energy). The second and third rows of TMS were found the
most active with maximum for the group VIIIB metal sulfur systems. The order
observed at 400C was RuS2 > Rh2S3 > PdS > MoS2 > NbS2 > ZrS2: second series OsSx
> IrSx > ReS2 > PtS > WS2 > TaS2: third series. The intrinsic activity change (activity/g
of metal) varied over three orders of magnitude and the maximum in the second
transition series was observed between the most active RuS2 and the least active MnS.

9

Today, hydrotreating catalysts are mixed sulfides of Cobalt-Molybdenum (CoMo) or
Nickel-Molybdenum (NiMo) supported on high surface area materials such as alumina to
increase dispersion of the active component of the catalyst. Whereas CoMo sulfide is
the favorite catalyst for hydrodesulphurization (HDS) reactions, the use of NiMo sulfide
is preferred in hydrodenitrogenation (HDN) reactions and hydrogenation processes.

Figure 3. Periodic trend observed by Pecoraro and Chianelli [14] for the HDS of DBT.
10

1.2.1 MoS2 Catalysts Structure
MoS2 is a layered compound consisting of stacks of S–Mo–S slabs held together by Van
der Waals interactions. Each slab is composed of two hexagonal planes of S atoms and
an intermediate hexagonal plane of Mo atoms, which are trigonal prismatic coordinated
to the S atoms (Figure 4). The active phase on these hydrotreating catalysts has a
MoS2-like structure, and active sites are located at edge surfaces of the MoS2. Chianelli
et al. [16] developed the Rim-Edge Model that correlates staking degree and selectivity
properties for non-promoted and non-supported catalysts (Figure 5).

Figure 4. Molybdenum Disulfide Structure [15]
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The Rim-Edge Model describes the active phase as MoS2 stacks where the top and
bottom is associated with Rim sites active in both the hydrogenation and
hydrodesulphurization

reactions

while

the

edges

are

associated

with

hydrodesulphurization reactivity only. Basal planes are formed of completely
coordinated sulfur atoms, making it almost inert. This model establishes that the stack
height of MoS2 slabs influences selectivity by varying the ratio of rim sites to edge sites.

Figure 5. Rim Edge Model [16]
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1.2.2 Catalysts and mechanisms
The main HDS catalysts are based on MoS2 promoted with smaller amounts of other
metals. The nature of the sites of catalytic activity remains an active area of
investigation, but it is generally assumed that basal planes of the MoS2 structure are not
relevant to catalysis, rather the edges or rims. At the edges of the MoS2 crystallites,
the molybdenum can stabilize an unsaturated site, also known as an anion vacancy.
Sulfur-contain molecules, such as thiophene, bind to this site and undergo a series a
reactions that result in both C-S scission and C=C hydrogenation. Hydrogen serves
multiple roles, such as generation of anion vacancy by removal of sulfide,
hydrogenation, and hydrogenolysis. A simplified diagram for the cycle is shown in the
figure 6.

Figure 6. Mechanism of Sulfur Removal Reaction [17].
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According to Qian [17], in the sulfur exchange with H2S (Route II), when one vacancy
is occupied by sulfur in H2S formed in the HDS reaction, a labile sulfur in another site is
released as H2S to form another new vacancy. In hydrodesulphurization (Route I),
when a sulfur compound adsorbs on a vacancy, the C–S bond is subsequently cleaved,
and the sulfur remains on the catalyst. Simultaneously, another sulfur is released as H2S
and a new active site is formed.

On the subject of supported catalysts, recently Lauritsen et al. using Scanning tunneling
microscopy (STM) and Density functional theory (DFT) calculations have reported direct
images of key sites and reaction intermediates in HDS [18–22]. Of particular importance
is the observation of a new class of fully sulfur-coordinated sites, the so-called brim
sites, which may play a role in the HYD pathway. These new types of metallic brim sites
are exposed only in the top layer of multi-stacks and are located adjacent to the edges.
It was found that the brim sites due to their metallic character may bind the sulfur
containing reactants, playing a key role for hydrogenation reactions; moreover it was
found that the region at the brim is fully saturated by sulfur, establishing that the brim
states are not the result from the presence of vacancies. Topsøe et al [22] observed
that thiophene may be both hydrogenated and ring opened at the brim sites, this was
an unexpected result, because the brim sites are not coordinative unsaturated sites
(CUS) and researchers had generally accepted that the reactions involved sulfur
vacancies which are CUS.
14

1.2.3 Promoted Hydrodesulphurization Catalysts structure: The
CoMoS Model
It is well know that introducing elements, such as nickel cobalt promoters, the
structural disorder of the MoS2/WS2 is increases and enhances the formation of a pretty
active MoS2 species [23-24]. The addition of a promoter in the synthesis of transition
metal sulfides allows obtaining a more reactive catalyst. It was shown that the synergy
between cobalt or nickel as promoter and molybdenum or tungsten, forms promoter
segregates from the Co/Ni–Mo/W–S mixed metal sulfide phase producing separate
crystals [25-26]. It is generally accepted that the HDS activity is associated to the
presence of the Co–Mo–S structures that consist of small MoS2 or WS2 clusters with
promoter atoms located somewhere at the edges of MoS2 slabs [27].

In order to correlate the structure of the active promoted phases in catalysts to the
reactivity, some models have been proposed trying to clarify the synergy between
promoters and Mo/W, for instance the Contact Synergy Remote Control Model [28-29]
establish mutual aid between the segregated promoter sulfide and the remaining MoS2
and mixed metal sulfide Co/Ni–Mo/W–S phase. It has been shown that the segregated
promoter sulfide provides spread out hydrogen to the active sites on the edges of the
MoS2 structures.
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Chianelli et al. were the first to propose a chemical explanation for the synergy [30], in
terms of heat of formation. Only metals, of which the sulfides have an intermediate
heat of formation strong enough to lead to a significant adsorption of the organic
molecule and weak enough to release H2S after desulfurization, will be good catalysts.
It is believed synergy could be an electronic effect through donation of electrons from
Co to Mo weakening the metal–sulfur bond strength, Harris and Chianelli [31] reported
the periodic trends of transition metal sulfides catalysts and proposed an interpretation
of the synergetic effects in terms of the filling of the transition metal sulfides d-band.
According to Berhault, the weakening of the metal–sulfur bond strength makes the
sulfur atom shared between Co and Mo more basic and also more labile [32]. This
result suggests an enhanced quality of the active sites due to the electronic promotion
by cobalt.

Nørskov et al. formulated The Bond Energy Model [33] stating that the promotional
effect for Co/MoS2 system could be explained by a reduction in sulfur binding energy
and thus an increase in the overall number of sulfur vacancies leading to high HDS
activities. The synergetic effect between promoters Co or Ni and Mo is explained by the
intermediate d–electron occupation in these mixed sulfides, to account for the influence
of the d band filling through the transition series on the metal–sulfur bond strength of
bulk TMS.
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The first physical proof of a specific Co environment in the mixed cobalt-molybdenum
catalytic system was presented by Topsøe and his group. Their research in Co–Mo–S
and Ni–Mo–S type structures showed that the building blocks of Co–Mo–S are small
MoS2-like domains or nanocrystals with the promoter atoms located at the edges of the
MoS2 layers. Topsøe [34] reported that depending on the nature of the support
interactions, the Co–Mo–S structures may be present as either Type I or II which has
different catalytic properties. CoMoS type I found in monolayer slabs is proposed to be
a incompletely sulfided structure having some remaining Mo–O–Al linkages to the
support, due to the interaction in the calcined state between Mo and surface alumina
OH groups leading to oxygen bridged monolayer type structures that are difficult to
sulfide completely. Meanwhile, CoMoS structure type II, found in multilayered slabs is a
high activity structure that presents a weak support interaction. This kind of structure
can be obtained breaking the linkages to the support through high temperature
sulfidation or by the use of additives or chelating agents or by using weakly interacting
supports such as carbon.

Karroua and coworkers proposed that in the promoted catalysts, cobalt prefers to
incorporate into the S-edge and nickel to the molybdenum edge of MoS2, and the
promoted edge surfaces have more vacant sites under typical hydrotreating reaction
conditions [35-37]. Based in results obtained from scanning tunneling microscopy,
Lauritsen et al. [38] propose a structural model for Co–Mo–S, where the cobalt is
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substituted into molybdenum positions at the S-edge. According to Sorensen, et al [39],
the promoter atom is located at the edges of the hexagonal MoS2 platelets, where the
Co ion is surrounded by five sulfur anions, four of which belong to the trigonal prismatic
Mo environment [40].

1.2.4 Structure of the catalytic phase under hydrotreating
conditions.
It is fundamental to determinate the catalytically stabilized phases under operating
hydrotreating conditions as a basis for understanding the activity and selectivity of the
HDS catalysts.
Sulfide catalysts operate at high temperatures (typically 200-400°C) and under reducing
conditions, and significant restructuring can occur under catalytic conditions. In situ
characterization of TMS materials is generally difficult and limited because of the
conditions under which they are used (high-temperature, high-pressure, and liquidphase reactions). Therefore, the characterization of the “stabilized” catalyst under
catalytic conditions as well as of the fresh catalyst is necessary and gives information
regarding the relation between the electronic/geometric structure and the catalytic
activity/selectivity [14].
According to Berhault [41], the stabilized TMS should be viewed as sulfide supported
carbides (SSTMC) in their stable catalytic states. The term catalytically stable state
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refers to the structure of the bulk catalyst stabilized in catalytic environment. While the
bulk phase stays sulfidic by nature, the surface presents a carbidic character with
carbon replacing surface sulfur atoms. It was shown that structural carbon replaces
sulfur atoms at the reactive edges of MoS2 platelets, stabilizing the MoSxCy phase. The
MoS2 bulk structure remains but in a more highly disordered state. Thus, the active TMS
should be viewed as sulfide-supported transition metal carbides (SSTMC).
Synchrotron X-ray diffraction patterns obtained by Berhault and co-workers [42]
showed little change after carbon incorporation. No separate carbide phase was
observed clearly indicating that a MoS2-like bulk structure is retained after this
treatment. Only subtle textural changes related to disorder was caused by carbon
incorporation.

Figure 7. Auger carbon edge spectrum of MoSxCy obtained after HDS of DBT compared
to a commercial β-Mo2C sample [42].
19

They suggested that a carburization process seemed to occur by replacing some sulfur
atoms by carbon without phase segregation, and the MoS2 active edge sites would then
be first involved in this replacement.
However, using NEXAFS (near-edge X-ray absorption fine structure) at the C K-edge is
was found unequivocally the presence of a carbide-like surface phase. Figure 7
presents, the NEXAFS spectrum (carbon 1s K edge) of MoSxCy compared to a
commercial β-Mo2C sample [41], it shows that the C K-edge shapes of these two
samples are almost perfectly identical with two sharp resonances at 285.0 and 288.5 eV
and a broad feature at ~293.0 eV.

Figure 8. NEXAFS carbon edge spectra of MoSxCy and untreated MoS2 [43].
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Shown in figure 8 are carbon 1S edge NEXAFS scans for untreated MoS2 and MoSxCy
obtained after HDS of DBT. The sharp features at 286.75 and 288.25 eV are indicative
of a carbided surface in MoSxCy that are clearly absent in untreated MoS2.

According to Wen [43], replacement of surface sulfur by a carbon atom is
thermodynamically favored, indicating that carburization is more favored than
sulfidation on the surface of catalysts. For surface sulfur on the S edge with different
coverage, it is found that the higher the sulfur coverage, the easier the replacement by
carbon. In contrast, the replacement of sulfur on the Mo edge is least favored.
Theoretical results from Wen’s simulations show that the replacement of the bulky
sulfur on the Mo edge is as equally favored as those of sulfur on the S edge. It is worth
noting that sulfur replacement favored by carbon is supported by the endothermic
sulfidation of transition metal carbides.
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CHAPTER 2
SYNTHESIS OF CATALYSTS

Highly active catalysts were synthesized from transition metal sulfides (TMS) based on
Molybdenum and Tungsten promoted with metals from group VIII-B. TMS have been
used since the last century to produce catalysts for petroleum industry; however there
is still the necessity to synthesize catalysts with better catalytic properties than
commercial available catalysts.
The method of synthesis of the HDS catalyst is a crucial step because the way in which
promoter atoms are introduced on the MoS2 catalysts has an influence on the catalytic
properties. There are many procedures to synthesize catalysts, for instance, catalysts
for HDS can be obtained as metal oxides by thermal decomposition of a specific salt
and then deposited by wet chemistry impregnation on a support, such as alumina in
order to disperse the catalytic active phase; subsequently the catalyst is sulfided inside
a tubular furnace.
Comaceration method [44] has been also used to synthesize catalysts; this method
consists of reacting freshly prepared oxides with a solution of ammonium sulfide at
moderate temperature (~70°C). The slurry is continuously stirred until evaporation to
dryness. The catalysts are obtained by thermal treatment under vacuum [45]. More
recently, thermal decomposition of molecular metal/sulfur complexes [46] was studied,
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either starting from salts where both the anion and the cation contain one of the metals
or starting from molecular complexes in which the two metals are part of the same
molecular sulfur-ligated cluster at the outset. These precursors can then be
decomposed under different conditions such as inert atmosphere, hydrogen, H2S/H2, or
in situ.

Three catalysts (B1, B2 and EDB1) using three different precursors were synthesized
using a hydrothermal synthesis method used to obtain highly porous and pretty active
materials. The hydrothermal method produce high surface catalysts compare to other
methods including all the methods aforementioned, those properties are highly
advantageous in a catalyst for petroleum applications. The catalysts synthesized are
bulk catalysts using no support at all, to increase the amount of the active phase inside
the reactor.
These catalysts were tested in a laboratory scale using the Hydrodesulphurization of
Dibenzothiophene as a model reaction and characterized before and after the HDS of
DBT by X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), ICP elemental
analysis, High Resolution Transmission Electron Microscopy (HRTEM), Nitrogen sorption
analyses and Gas chromatography.
MoS2-based catalysts are difficult to characterize because the anisotropic properties
presented by them. The chemical ability to react varies with the planes exposed to the
reactant mixture. The basal plane surface corresponds to a close-packed surface of
23

sulfur atoms bounded to three metal atoms. This stable environment of the sulfur
results in weak Van der Waals interaction between the layers. Therefore, the basal
plane exhibits a low reactivity and leads to the ability of MoS2 to act as a very effective
lubricant. In contrast, the edge plane is highly reactive. The ratio edge area/basal area
is of primary importance for developing catalytic structure/function relationships in
anisotropic systems. Moreover, catalytically active MoS2 is in a poorly crystalline and
highly disordered state best described as the “rag structure” [44].
Also, it was expected that B1 catalyst would exhibit the best catalytic activity, so, it was
tested at Ben-Gurion University of the Negev using real feed in a trickled bed reactor to
confirm the obtained laboratory results. BGU qualified the UTEP catalyst for a long-term
catalyst activity maintenance validation run in an HTD development unit. A parallel
reference catalyst run (STARS KF-757) was carried to permit establishing the relative
catalyst activity and relative catalyst activity maintenance for the B1 catalyst.
These tests took seven weeks duration and both catalysts (B1 and KF-757) were
operated on the same feedstock at the same pressure and treat gas rate. The operating
temperature for the B1 catalyst was adjusted to meet the target 5 wppm S in the liquid
product. The space velocity for the reference catalyst was adjusted to match the target
product sulfur level of 5 wppm. The feedstock for the test run was a blend of two diesel
boiling range feeds obtained from Ashdod refinery. The blended feed sulfur level was
about 100 wppm. The feed specific gravity was about 0.84. The maximum feed T95
point was 360 degrees Celsius (680 degr F).
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The operating pressure for the test program was set at 1000 psig minimum. The space
velocity for the B1 catalyst was 1.0 V/H/V. The space velocity for the reference catalyst
was adjusted as necessary to maintain a 5 wppm product sulfur level. The treat gas
was set at 6000 SCF/B or about 1050 Nm3/m3.
Besides, the commercial catalysts KF-757 that was used as reference to compare with
B1 was tested by HDS of DBT at laboratory scale, to confirm the results obtained at
BGU.
One of the goals of the development of these catalysts is try to commercialize them, as
well as good results were obtained from BGU tests, UTEP catalysts will be offered to
Refinery Companies through Accelergy Corporation, a leading alternative energy
technology company.

2.1 Synthesis of monometallic precursors
Three different monometallic precursors were synthesized to be used as raw materials
in the subsequent phase, which is the synthesis of bimetallic precursors.

2.1.1

Ammonium thiomolybdate (ATM)

The synthesis of ammonium thiomolybdate (ATM) was reported by Kruss [47] in 1884,
later, Alonso et al. [48] described a improved method for synthesize ATM, this method
25

is as follows: Ammonium heptamolybdate (20 grams) was dissolved in 60 ml of
deionized water, then 200 ml of ammonium hydroxide was added to this solution.
Subsequently H2S was bubbled through the solution for 2 hours, after that, precipitated
red crystals of ammonium thiomolybdate were obtained, which were kept in the original
solution to avoid decomposition of ATM.

2.1.2

Ammonium thiotungstate (ATT)

The synthesis of ammonium thiotungstate (ATT) was reported by W.J. Mc Donald [49]
the procedure is as follows: Ammonium metatungstate (20 grams) was dissolved in 100
ml of deionized water and 70 ml of ammonium hydroxide. This solution was then
heated at 333 K and H2S was bubbled through the solution for 6h. The solution was
then cooled down in a ice bath and left to stand overnight to obtain orange crystals of
ATT. These crystals were filtered and storage under nitrogen environment.

2.1.3

Ethylenediamine thiomolybdate (EDTM)

This precursor is obtained by the reaction among ATM and ethylenediamine. 20 grams
of ATM are dissolved in 50 ml of ethylene diamine. Fine red powder is immediately
obtained, which is filtered to obtain a pretty stable precursor that is storage under
nitrogen environment.
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2.2 Synthesis of bimetallic and trimetallic precursors
Two bimetallic precursor (B1 and EDB1) and one trimetallic precursor (B2) are the
feedstock used in the synthesis of the catalysts presented in this dissertation.

2.2.1 Synthesis of B1 precursor
A solution of ammonium thiomolybdate (NH4)2MoS4 is prepared in a minimum amount
of water at room conditions. This solution was added to an aqueous solution of CoCl2
under stirring and a black precipitate is immediately formed. The final material is
vacuum filtered to obtain a precursor paste according to the next chemical equation:
2(NH4)2MoS4 + XCoCl2

Cox/[(NH4)2MoS4]2 + 2NH4Cl

(2.1.1)

2.2.2 Synthesis of B2 precursor
A solution of ammonium thiotungstate (NH4)2WoS4 is prepared in a minimum amount of
water at room conditions and mixed with a solution of ammonium thiomolybdate
(NH4)2MoS4 also prepared in a minimum amount of water at room conditions. This
solution was added to an aqueous solution of NiCl2 under stirring and a fine black
precipitate is rapidly formed. The final material is vacuum filtered to obtain a precursor
paste according to the next chemical equations:
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(NH4)2MoS4 + (NH4)2WS4
2(NH4)2WMoS4 + XNiCl2

2(NH4)2WMoS4
Nix/[(NH4)2WMoS4]2 + 2NH4Cl

(2.2.1)
(2.2.2)

2.2.3 Synthesis of ETB1 precursor
A solution of Ethylene diamine thiomolybdate (EDTM) C4N4H14MoS4 is prepared in a
minimum amount of water at room conditions. This solution was added to an aqueous
solution of CoCl2 under stirring and a black precipitate is immediately formed. The final
material is vacuum filtered to obtain a precursor paste according to the next chemical
equation:
2[C2H4(NH2)2] + (NH4)2MoS4

C4N4H14MoS4 + 2NH3 + 4H2

(2.3.1)

3[C4N4H14MoS4] + CoCl2

Co0.3/C4N4H14MoS4

(2.3.2)

2.3 Synthesis of catalysts
These three catalysts were obtained by Hydrothermal Method in which the precursors
were carried out in a high-pressure Parr Model 4540 (figure 9). The method is as
follows: 5 grams of any bimetallic or trimetallic precursor was added to 50 ml of water,
the solution was placed inside the reactor of 0.5 liter at room temperature. The reactor
was purged with nitrogen gas. The temperature was then raised to 300ºC and the
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pressure was increased to 1200 psi. These conditions were maintained for two hours.
After that the reactor was let to cool down to room temperature. Once depressurized
the sulfide catalyst was recovered from the reactor and washed with isopropanol.

Figure 9. High Pressure Batch Reactor Parr Model 4540

2.4 Hydrodesulphurization of Dibenzothiophene
The

HDS

of

DBT

has

been

world

wide

hydrodesulphurization of petroleum feedstock.

used

as

a

model

reaction

for

Laboratory-scale studies using batch

reactors provide useful information such as reaction rate constants (k) that is the
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indicative of catalytic activity. The products of the reaction and its selectivity can be
obtained by following the composition of the reaction mixture as a function of time. The
main reaction products from the HDS of DBT are biphenyl (direct desulphurization
pathway) and cyclohexylbenzene (hydrogenation pathway).
The HDS of DBT was carried out in a Parr Model 4520 high-pressure batch reactor,
Figure 10 equipped with a magnetically driven turbine that allows a good dispersion of
the gas into the liquid phase. To perform the HDS of DBT, the reactor was loaded with
one gram of catalyst along with the reagent solution of 6.6 grams of DBT dissolved in
150 ml of decahydronapthalene. The reactor was then pressurized to 3.1 MPa with
hydrogen and heated up to 623K with a rate of 10 K/min under agitation of 600RPM.
Once the established temperature was reached, sampling for chromatographic analysis
was performed during the course of the reaction to determine conversion versus time
dependence. The reaction time was set for 5 h.
The reaction products obtained were analyzed using a Perkin-Elmer Clarus 500 gas
chromatograph equipped with a 10-ft long x 0.125 in. packed column containing 3%
OV-17 (phenyl methyl silicone 50% phenyl) as separating phase on Chromosorb WAW
80/100.
At steady state conditions, the DBT concentration decreases linearly with time as
expected for a pseudo-zero order reaction indicating that the rate remained constant
during the reaction.
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Figure 10. High Pressure Batch Reactor Parr Model 4520

The pseudo-zero order rate constants k (mol/g s) were calculated from conversion data,
obtained at steady-state conditions. Selectivity to the individual products was reported
as mol%. The main products obtained by HDS reaction of DBT were biphenyl (BP) and
cyclohexylbenzene (CHB). The product selectivity (BP, and CHB) was calculated from
the weight percentage of the given product in the reaction mixture. BP was produced
through the so-called direct desulphurization pathway (DDS), and CHB and THDBT
through the hydrogenation pathways (HYD). The HYD/HDS ratio was calculated in
terms of the experimental selectivity by means of the (CHB), THDBT and (BP)
concentrations. From data of DBT conversion as a function of time, the rate constant
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for each catalyst was calculated by assuming DBT conversion to be pseudo-zero order
reaction (k) according to the equation: XDBT = (1-nDBT/nDBT) = (k/nDBT,0 )t, where XDBT is
the fraction conversion of DBT, nDBT = moles of DBT, k = pseudo-zero order rate
constant, t = time in seconds and (k/nDBT,0) is the slope.

2.4.1 Catalytic Activity
HDS of DBT performed in a batch reactor obey a pseudo-zero order rate. A pseudo-zero
reaction means that the rate reaction is independent from the concentration;
concentration is decreased linearly along the time, following the next equation:

−

1 dn A
=k
W dt

(6)

The rate of reaction for a pseudo-zero order rate is defined as follows:

1 dn A
⎛ n ⎞
( − rA ) = −
= k⎜ A ⎟
w dt
⎝W ⎠

n

(7)
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where:

n is the reaction order
nA are the initial moles of DBT
W are the grams of catalyst utilized
k is the rate constant

Catalytic Activity is measured in terms of pseudo-zero rate constant k; the procedure to
calculate this rate constant from rate of reaction starts with the substitution of the
moles of A to involve the conversion fraction, it is shows below:

n

A

= n

Ao

(1 − X

)

(8)

= k

(9)

A

then,

−

n Ao d (1 − X
W
dt

n

)
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=
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Adjusting to the straight line equation

X

Ai

=

kW
n Ao

t + X

(14)

Ao
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The slope is: m =

kW
n Ao

(15)

The slope value can be obtained graphically from the results obtained experimentally by
gas chromatography in the HDS of DBT reaction. Using the slope value experimentally
obtained, the rate constant can be solved for the equation 16 to obtain:

k = m×

n Ao
W

(16)
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CHAPTER 3
CHARACTERIZATION OF CATALYSTS

Catalysts must be characterized before reaction and after the catalyst has been
stabilized under catalytic conditions. The phases that are stable under catalytic
conditions are the ‘‘catalytically stable states’’ (CSS). The term catalytically stable state
refers to the structure of the bulk catalyst without reference to the surface. It is
important

to

determinate

the

catalytically

stabilized

phases

under

operating

hydrotreating conditions such as HDS of DBT, as a basis for understanding the activity
and selectivity of this class of catalysts.

The catalysts were characterized by X-Ray Diffraction (XRD), Scanning Electron
Microscopy

(SEM),

Elemental

analysis,

High

Resolution

Transmission

Electron

Microscopy (HRTEM), Nitrogen sorption surface analyses and Gas chromatography.
X-ray Diffraction (XRD) patterns of catalysts were obtained on a Phillips X Pert MPD
diffractometer operating at 43 kV and 30 mA and equipped with a curved graphite
monochromator using Cu Kα radiation (λ=1.54056 Å) in the 2θ range of 5–80º.
SEM images were obtained using a Hitachi S-4800 field-emission microscope a different
magnification setting, operating at 10 kV.
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Elemental analyses were obtained using a Perkin–Elmer ICP-OES Optima 4300 DV with
an AS-90 with autosampler rack; every sample was read three times and three
replicates for each sample were analyzed.
High Resolution Transmission Electron Microscope (HRTEM) was used to obtain images
of the crystallographic structure of a sample at an atomic scale. Catalysts were crushed
and ultrasonically dispersed in ethanol at room temperature and then spread out on a
perforated carbon–copper microgrid. HRTEM images were collected on a Tecnai FEI
instrument operating at 200 Kv, using a Charge Coupled Camera (CCD).
Sorption surface analyses were performed on a NOVA 1000 instrument with a
Quantachromautosorb-1 model by nitrogen adsorption using the BET isotherm method.
Samples were degassed under flowing argon at 200ºC for 2 h before nitrogen
adsorption. Pore size distributions were calculated from the adsorption and desorption
branches of the corresponding nitrogen isotherm using the BJH method. The total pore
volume (Vp) was estimated from the amount of nitrogen adsorbed at a relative
pressure of 0.98, and the micropore volume (Vm) and the micropore area (Sm) were
estimated using the t-plot method.
Gas chromatography (GC) along with the Turbochrom Professional software was used
to determine sample composition during the HDS of DBT. GC allows following the
decrement of DBT and the product concentration in order to determine the rate
constant k and the selectivity of catalysts.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Catalytic Activity Results
The main products obtained by HDS reaction of DBT were biphenyl (BP),
cyclohexylbenzene (CHB) and tetrahydrodibenzothiophene (THDBT). Selectivity was
calculated as the mol percentage of the given product in the reaction mixture. The BP
was produced through the so-called direct DDS pathway, and CHB and THDBT through
the hydrogenation pathway (HYD), both pathways are parallel. The ratio between HYD
and DDS can be estimated in terms of the experimental selectivity by means of the
CHB, THDBT and BP concentrations. The selectivity (HYD/DDS) can be approximately
calculated by the following equation:
HYD/DDS=[CHB] + [THDBT]/ [BP]

(4.1)

For each catalyst the rate constant was calculated from the DBT conversion as function
of time assuming that the DBT conversion being a pseudo-zero order reaction,
according to the next equation:
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X

= (1 − nDBT

DBT

/ nDBT ) = k / n DBT

,O

)t

(4.2)

Where:
XDBT is the fraction of the DBT conversion
nDBT = moles of DBT (34 mmol is the initial concentration of DBT)

k = pseudo-zero order rate constant
t = time in seconds
(k/ nDBT, 0) is the slope

The mean standard deviation for catalytic measurements is about 2.5%.

4.1.1 Catalytic Activity Results of B1

The experimental constant rate k (pseudo-zero-order because the DBT concentration
decreased linearly with time) is given in moles of DBT transformed by 1 g of catalyst in
a second, and it was calculated from the experimental slope of the plots of DBT
concentration versus time.
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Figure 11 shows the distribution of the reaction products of HDS of DBT. The final
hydrogenation

(HYD)

products

were

cyclohexylbenzene

(CHB)

and

tetrahydrodibenzothiophene (TH-DBT), and biphenyl (BP) of direct desulfurization
(DDS). No other products such as benzene or bicyclohexyl were detected after 5 hours
of reaction.

Figure 11. Reaction scheme for the hydrodesulphurization of DBT [50]
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In the DDS pathway, one way to obtain a C–S bond cleavage ending with two phenyl
rings in the product, is by hydrogenating one of the double bonds in the vicinity of the
sulfur atom, to obtain a dihydrogenated product and then to open the C–S bond by an
elimination process. In the HYD pathway, which involves the hydrogenation of one
aromatic ring, it is reasonable to consider a step by step process which begins also with
the hydrogenation of the substrate into a dihydrogenated intermediate. [51-53].

Catalyst B1
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CHB
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THDBT
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Figure 12. DBT Conversion during HDS using Catalyst B1

From figure 12, it can be seen that the DDS product (biphenyl) increases almost linearly
during the 5 h that the catalyst was tested, reaching up to 76.69% of the products of
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reaction of HDS of DBT. The production of CHB also steadily increased as expected,
obtaining 23.31% of the products of reaction. After 5 hours, the DBT was depleted up
to 4.9% of the original amount loaded. These results are summarized in Table 4-1.

Table 4-1 Product Distribution and Catalytic Activity of Catalyst B1
k
mol/g s

%THDBT

% BF

%CHB

% DCH

% Benc

HYD/HDS

29.2E-07

0.30

76.39

23.31

0.00

0.00

0.31

Biphenyl
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Figure 13. Chromatogram t=5 hrs HDS of DBT using Catalyst B1
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9.0

10.0

Figure 13, shows the chromatogram of B1 obtained after 5 hours of reaction,
confirming the conversion of DBT into CHB and mainly into Biphenyl.

It was also found that during HDS of DBT, dehydrogenation reactions occurred. As a
result, products of conversion of decahydronaphthalene (decalin) the solvent used in
this reaction were found. These dehydrogenated products were identified by GC as
tetraline and naphthalene. Decalin dehydrogenation follows the path reaction shown in
figure 14.

Figure 14. Dehydrogenation path reaction of Decaline
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4.1.2 Catalytic Activity Results of B2
From figure 15, it can be seen that the Catalyst B2 follows the Catalyst B1 path, where
DDS product (biphenyl) increases almost linearly during the 5 h that the catalyst was
tested, reaching up to 51.08% of the products of reaction of HDS of DBT. While the
hydrogenation products was higher than when Catalyst B1 was used, obtaining 48.16%
of CHB in this reaction. It was expected due to the nickel sulfides presence in the B2
catalyst. After 5 hours, the DBT was depleted up to 10.88% of the original amount
loaded. These results are summarized in Table 4-2.
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Figure 15. DBT Conversion during HDS using Catalyst B2
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Table 4-2 Catalytic Activity of Catalyst B2
k
mol/g s

%THDBT

% BF

%CHB

% DCH

% Benc

HYD/HDS

25.2E-07

0.75

51.08

48.16

0.00

0.00

0.96
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10.0

Figure 16. Chromatogram t=5 hrs HDS of DBT using Catalyst B2

Figure 16, shows the chromatogram of Catalyst B2 obtained after 5 hours of reaction,
confirming the conversion of DBT into almost equal amounts of CHB and Biphenyl. It
also shows high amounts of tetraline and naphthalene, which are the products of the
dehydrogenation of decalin.
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4.1.3 Catalytic Activity Results of EDB1
From figure 17, it is shown that the Catalyst EDB1 follows the same conversion path of
the others catalysts B1 and B2, where DDS product (biphenyl) increases almost linearly
during the 5 h that the catalyst was tested, reaching up to 76.25% of the products of
reaction of HDS of DBT. The hydrogenation product CHB, reached up 23.54% in this
reaction. This behavior is pretty similar to the one found in Catalyst B1.

Catalyst EDB1
100
80
% DBT

DBT
BF
CHB
DCH
THDBT

60
40
20
0

4.93
0

1

2

3

4

5

time (hours)

Figure 17. DBT Conversion during HDS using Catalyst EDB1

After 5 hours, the DBT was depleted up to 4.93% of the original amount loaded. These
results are summarized in Table 4-3.
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Table 4-3 Catalytic Activity of Catalyst EDB1
k
mol/g s
27 E-07

%THDBT

% BF

%CHB

% DCH

% Benc

HYD/HDS

0.21

76.25

23.54

0.00

0.00

0.31
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Figure 18. Chromatogram t=5 hrs HDS of DBT using Catalyst EDB1

Figure 18, shows the chromatogram of Catalyst EDB1 obtained after 5 hours of
reaction, corroborating the conversion of DBT into CHB and Biphenyl. It also shows high
amounts of tetraline and naphthalene, which are the products of the dehydrogenation
of decalin.
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4.2 X-Ray Diffraction
It is well known that poorly crystalline structures, short-range order of Mo and W
disulfides provides a number of catalytically active sites larger than the well-crystallized
structure.

Modeling Software Cerius2 was used to simulate poorly crystalline XRD

patterns.
Catalytically active MoS2 is in a poorly crystalline and highly disordered state best
described as the “rag structure”.

4.2.1 X-Ray Diffraction of Series B1
4.2.1.1 X-Ray Diffraction of B1 before HDS of DBT
CoMoS2 adopts the hexagonal 2H Molybdenum sulfide structure type. In 2H-MoS2, the
sulfur atoms are in hexagonal closed packed sheets. Planes of Mo atoms are
sandwiched together between alternating sulfur layers such that each Mo is coordinated
to six S atoms in a trigonal prismatic arrangement.

The (002) reflection for this

crystalline structure is at 2θ =14.4º (6.14 Å).
The figure 19 illustrates the Cerius2 simulated 2H-MoS2 Crystalline diffraction pattern
showing Miller planes.
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Figure 19. 2H-MoS2 Crystalline diffraction pattern by Cerius2 Modeling Software.

Figure 20. X-Ray Diffraction Simulation of Catalyst B1 by Cerius2 Modeling Software
The figure 20 shows in red the experimental X-Ray diffraction pattern of Catalyst B1
(CoMoS2) making good match with MoS2 simulated XRD pattern (in green).
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B1 catalyst’s diffractograms show poorly crystalline structure of MoS2 with a weak (002)
signal at 2θ = 12.4º (7.12 Å), presenting a quite expanded structure. It was found
through Cerius2 Modeling Software that an expansion in the c direction has occurred, in
that way that for this poorly crystalline CoMoS2 structure, the cell parameters have been
changed to a=b=3.15 and c= 13.3 compared to the crystalline lattice parameters for
MoS2 that are a=b=3.16, c=12.29.
The broad peaks presented in B1 diffraction patterns suggest that Catalyst B1 is
composed of small crystals. The reflection corresponding to the (100) plane at 2θ =
32.5º is more intense than in MoS2–2H crystalline structure meanwhile the (103) plane
at 2θ = 39.6º is much less intense. The (105) plane at 2θ = 49.8º is really small
compare to MoS2–2H crystalline structure, suggesting again the presence of small
crystals.

The figure 21 presents another X-Ray Diffraction simulation of Catalyst B1 that shows a
really good match between experimental CoMoS2 (in red) with simulated pattern CoS2
(in blue). This diffractogram confirms the presence of a segregated phase of cobalt
sulfide, but not the stable Co9S8 but the very active CoS2 phase responsible for the high
catalytic activity of Catalyst B1.
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Figure 21. X-Ray Diffraction Simulation of Catalyst B1 by Cerius2 Modeling Software
showing a CoS2 match.

Besides the morphology and crystal structure of the segregated promoter phase, XRD
provides evidence for the curvature of the MoS2 layers, which leads to the shift of the
MoS2 (002) peak from 2θ = 14.4 (6.14 Å) in a crystalline MoS2 to 2θ= 12.4 (7.12 Å)
found in this poorly crystalline material. This is due to the expansion of c-axis of MoS2
upon the release of strain.
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4.2.1.2 X-Ray Diffraction of B1 after HDS of DBT (B1_DR)

Figure 22.

X-Ray Diffraction Simulation of Catalyst B1_DR by Cerius2 Modeling

Software

After the HDS of DBT, the catalyst B1 suffered changes in its structure, becoming more
poorly crystalline by decreasing the crystallite size that was determined by Cerius2
Modeling Software as a=150Å, b=250 Å and c=50 Å. Also, it was found that for B1_DR,
the conditions of HDS of DBT generates a contraction in its structure changing the cells
parameters from c=13.3 (in fresh B1) to c=12.8 (after HDS of DBT), indicating a
decrease in the stacking along the c direction.
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The original CoS2 segregated phased was also transformed to the more stable phase
Co9S8. Also, the single (100) and (101) reflections at 2θ=32.5º and 33.6º respectively
are fused generating a single peak at 2θ=33º.

4.2.1.3 X-Ray Diffraction of B1 after HDS of Real Feed (B1_RF)

Figure 23. Simulated X-Ray Diffraction of Catalyst B1_RF by Cerius2 Modeling Software
The more extreme conditions used on hydrodesulfurization using a Real Feed took its
toll in B1 catalyst, its structure was slightly contracted in c axis from the crystalline
2θ=14.4º (6.14 Å) to 2θ=14.7º (6.01 Å). However, there was not evidence for change
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in Co9S8, which kept its lattice parameters, showing a more crystalline structure than
Co9S8 found in B1 after HDS of DBT.

4.2.2 X-Ray Diffraction of B2
4.2.2.1 X-Ray Diffraction of B2 before HDS of DBT

Figure 24. Simulated X-Ray Diffraction of Catalyst B2 by Cerius2 Modeling Software.

Catalyst B2 was synthesized employing nickel chloride, ammonium thiotungstate and
ammonium thiomolybdate complexes as metal-sulfide precursors. This B2 catalyst
shows a highly crystalline MoS2 structure that presents an expansion in the c direction
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from c=12.29 to c=12.6. The crystallite size was also determined by Cerius2 Modeling
Software, obtaining a=150 Å, b=100 Å and c=100 Å.
According to the XRD simulation, B2 catalyst is not totally sulfided, showing oxidized
phases such as MoW11O. Also, it shows a nickel segregated phases such as NiS2 and
Ni.7Mo.3S4.

4.2.2.2 X-Ray Diffraction of B2 after sulfidation treatment (B2_Sulf)
The B2 catalyst received a sulfidation treatment in a tubular furnace heated at 5ºC/min
under a flow of 15 vol% H2S/H2 reducing-sulfiding atmosphere at 400ºC for 2 hours in
order to obtain a totally sulfided catalyst and replaced the oxidized phases into sulfided
phases.
The sulfidation and reaction conditions applied determine which Ni sulfide phase is
actually formed, as can be observed in figure 24 where the NiS2 phase was replaced by
NiS when the B2 catalyst receive a H2S/H2 sulfidation treatment. Evidently, sulfiding
causes a major restructuring of the catalyst surface.
It is known that poorly crystalline structure of Mo and W disulfides provides a number
of catalytically active sites larger than the well-crystallized structure. The sulfidation
treatment allows B2 catalyst become poorly crystalline structure as can be seen in
figure 23 where the MoS2 lattice parameters change from a=b=3.16, c=12.29 to
a=b=3.15, c=14.1.
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Figure 25.

Simulated X-Ray Diffraction of Catalyst B2_Sulf by Cerius2 Modeling

Software
Besides, the presence of WS2 (in brown) at 2θ=33º was more clearly noticed after
sulfidation treatment as is shown in figure 23; however there is still the presence of MoW oxidized phase (in green), that presents pretty crystalline reflections at 2θ=24º,
28.5º and 38º.
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4.2.2.3 X-Ray Diffraction of B2 after HDS of DBT (B2_DR)

Figure 26. Simulated X-Ray Diffraction of Catalyst B2_DR by Cerius2 Modeling Software

XRD simulation of catalyst B2_DR shows that NiS2 phase found in catalyst B2_Sulf is
lost when this catalysts is tested on HDS of DBT, transforming it into a most stable
phase Ni17S18.
Moreover, a contraction in B2_DR c-direction from crystalline MoS2 c= 14.1 to c=13.55
was found, that indicates a reduction in stacking of layers. The crystallite size was also
determined as a=80 Å, b=80 Å and c=70 Å.
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During the HDS of DBT, there is H2S generation as byproduct; however its presence, it
seems to fails in transform MoW11O into a sulfided phase.

4.2.3 X-Ray Diffraction of EDB1
4.2.3.1 X-Ray Diffraction of EDB1 before HDS of DBT

Figure 27. Simulated X-Ray Diffraction of Catalyst EDB1 by Cerius2 Modeling Software
By means of Cerius2 Modeling Software, it was possible to determine the EDB1 lattice
parameters, it was found a slightly decrease in MoS2 a=b lattice parameters from
a=b=3.16 to a=b=3.13, while c-direction was slightly increased from crystalline MoS2
where c= 12.4 to c=12.5. The crystallite size was found as a=150 Å, b=150 Å and
c=70 Å.
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As in B1 after HDS of DBT, EDB1 presents a lost of (100) and (101) reflections at
2θ=32.5º and 33.6º respectively, fused to produce a single peak at 2θ=33º.
The presence of CoS2 was observed and its lattice parameters were determined,
presenting a decrement from a=b=c=5.5385 to a=b=c=5.4. EDB1 catalyst presents
poorly crystalline reflections; CoS2 phase is not as crystalline as it was found in B1
Catalyst.

4.2.3.2 X-Ray Diffraction of EDB1 after HDS of DBT (EDB1_DR)

Figure 28.

Simulated X-Ray Diffraction of Catalyst EDB1_DR by Cerius2 Modeling

Software
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In EDB1_DR, the reflections at 2θ=19.8º and 26.2º are disappeared, leading to the
emergence of CoS2, which is the most activee cobalt phase that also is present in
catalyst B1.

EDB1_DR catalyst shows a better dispersion than B1_DR and B2_DR catalysts
presented before, showing less intense segregated phases. Through the use of Cerius2
Modeling Software it was found a slightly increase in a=b cell parameters respect to
EDB1 before HDS of DBT, and not change occurred at c-direction. The crystallite size
was determined as a=150 Å, b=150 Å and c=70Å.
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4.3 Transmission Electron Microscopy (TEM)
TEM is a technique used to establish local atomic structure in disordered systems. The
use of TEM to image the MoS2 layers, which appear as black “threads” in the images
from platelets, has proven to be a powerful tool to study the morphology of the sulfided
phase of MoS2. TEM micrographs provide information about the length and number of
layers of MoS2 with a spatial resolution of 0.1 nanometers, and can yield elemental
maps of a catalyst with a resolution of 1 nm.
An analysis of the TEM images of the catalysts was performed to determine the length
and the number of MoS2 layers from a large number of individual particles. For a
detailed analysis, a dedicated CCD camera was used to enlarge the micrographs. For
each sample several images were taken with quite a lot of particles per image, where a
particle is selected, its length determined by keying locations at both ends, and the
number of layers in the particle assessed visually and entered by hand.
It is noteworthy that visualization of slabs depends on the type of exposed planes
leading to bonding of the layers either by the basal plane or by the edge planes; so
great percentage of active phase could be missed by the microscope, however HRTEM
is a helpful technique to get an overview of the catalyst dispersion.

61

4.3.1 TEM of catalyst B1

Figure 29. TEM and Electron Diffraction of Catalyst B1.

Figure 29 presents the TEM of Catalyst B1, the black threadlike features correspond to
the MoS2 sheets for which the electron beam is tangential to the plane, forming a
complex interconnected structure of MoS2 slabs with platelets like-shapes. It is known
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that MoS2 presents a layered phase with a hexagonal crystallographic structure, indeed,
this micrograph has MoS2 typical fringes with a layer length between 26-53nm. The
insert in figure 29 shows three broad diffraction lines with d-spacing of about 1.6, 2.3
and 2.7Å which may be respectively indexed as (110) (103) and (100) planes of MoS2.

4.3.2 HRTEM of catalyst B1 after HDS of DBT (B1_DR)

a) Catalyst B1 after HDS of DBT

b) Catalyst B1_DR at higher magnification.

Figure 30. HRTEM of Catalyst B1_DR.

A High resolution TEM image of a curved structure of MoS2 slabs in Catalyst B1_DR is
shown in Figure 30. Long MoS2 layers have some stacking consisting of up to 5 slabs in
the catalyst were observed, as shown in Figure 30b. The fringes observed in Catalyst
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B1_DR have a spacing of about 0.64 nm that was the characteristic of expanded (002)
plane in c axis.
A statistical analysis of the imaged particles was conducted from several HRTEM
images, as described to determine the average length of the MoS2 platelets and the
length stack number. In all, 25 particles were averaged for B1_DR. The average length
of the MoS2 sheets was determined between 5nm to 8nm in some regions, meanwhile
in other regions the length reached up to 17-20 nm.
After HDS of DBT, it was found carbon on the catalyst surface, which is incorporated on
the edges of the MoS2 layers; carbon has been observed in stable catalysts as carbidelike entities at the catalyst surface [41–42]. This C incorporation at the edges of the
slabs causes the layers to bend [42] weakening the stabilization due to Van der Waals
forces.
When carbon is incorporated the particle size is reduced by a factor of 2 between the
fresh Catalyst B1 (26-54nm) and the carbon-containing Catalyst B1_DR (17-20nm)
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4.3.3 HRTEM of catalyst B1 after HDS of Real feed (B1_RF).
A High resolution TEM image of a curved structure of MoS2 slabs in Catalyst B1_RF is
shown in Figure 31. The longest sheet of MoS2 observed was 34 nm; however there are
some sheets whose lengths range is from 9-20 nm.

a) Catalyst B1 after HDS of Real Feed

b) Catalyst B1_RF at higher magnification

Figure 31 HRTEM of Catalyst B1 after HDS of Real Feed.

The most distinct difference in the morphology of the MoS2 particles between B1_DR
and B1_RF is the number of stacking layers; there is a higher stacking layer in B1 after
HDS of Real Feed, reaching up to 4-8 stack layers.
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The fringes observed in B1_RF have a spacing of about 0.61nm, showing a decrement
in d-spacing compared to B1_DR that presents a stacking space of about 0.64nm.
It is noteworthy that the sample with the lowest stacking spacing has the highest
number of stacking layers (Catalyst B1_RF).

4.3.4 TEM of catalyst B2

Figure 32. TEM and Electron Diffraction of Catalyst B2.
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Figure 32 presents the TEM of Catalyst B2, the black threadlike features show the MoS2
slabs forming a complex interconnected structure, where slabs are not straight but
curved, as typically seen in the literature. Catalyst B2 micrograph have MoS2 typical
fringes with a layer length between 26-44nm, shorter than Catalyst B1 whose layers
length fall between 26-54nm. The presence of tungsten in Catalyst B2 seems to be the
cause of the shortening of the layers length. The insert in figure 32 shows four broad
diffraction lines with d-spacing of about 1.6, 2.2, 2.6 and 3.3Å which may be indexed
respectively as (100) (103) and (103) planes of MoS2 and (240) plane of MoW11O.

4.3.5 HRTEM of catalyst ED B1

a) Catalyst EDB1

b) Catalyst EDB1 at higher magnification

Figure 33. HRTEM of Catalyst EDB1.
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A High resolution TEM image of Catalyst EDB1 is shown in Figure 33. The typical fringes
due to MoS2 crystallites with 0.62nm interplanar distances were observed, which
concurs with the XRD measurements. MoS2 crystallites with lengths between 14 and
20nm and stacking from three to four layers are formed. Even if MoS2 fringes appear
relatively stacked, their organization is disordered.

4.3.6 HRTEM of catalyst EDB1 after HDS of DBT (EDB1_DR)

a) Catalyst EDB1 after HDS of DBT

b) Catalyst EDB1_DR at higher magnification

Figure 34. HRTEM of Catalyst EDB1_DR.

After HDS of DBT, EDB1 presents an increase in layers length from 20nm (found in
fresh Catalyst EDB1) to 27nm; along with an increase in the stacking layers from 4
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fringes (in fresh Catalyst EDB1) to 9 fringes. Dislocations where the slabs are partially
intercalated by another slab and bent on a longer scale are also observed.

4.4. Gas Sorption Analysis
Surface area and porosity are important characteristics in a catalyst, capable of
affecting the quality and utility of many materials. Therefore it is necessary to have a
large and easily accessible surface area, due to the fact that catalytic reactions take
place in a thin surface layer.
The most widely used technique to estimate surface area is the so-called BET method
(Brunauer, Emmett and Teller, 1938). BET method is based in gas sorption (both
adsorption and desorption) of dry solid powders for determining the surface area of
powders as well as the pore size distribution of porous materials.
In this gas sorption analyses, the catalyst was degassing to clean its surface by placing
a sample of the catalyst in a glass cell and heating it under vacuum. Once clean, the
sample was brought to a constant temperature by means of an external bath. Then,
small amounts of a nitrogen gas were admitted in steps into the evacuated sample
chamber and the nitrogen is adsorbed, or alternatively, withdrawn and desorbed. The
sample material was placed in a vacuum chamber at the temperature of liquid nitrogen
(-195.6 °C), and subjected to a wide range of pressures, to generate adsorption and
desorption isotherms. The resulting hysteresis leads to isotherm shapes that can be
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mechanistically related to particular pore shapes; hysteresis loop has been classified by
the UIPAC based in a change of geometry during the adsorption-desorption process in
four types: H1, H2, H3 and H4.
Nitrogen molecules stick to the surface of the catalyst forming a thin layer that covers
the entire catalyst surface. Based on the BET theory, the number of molecules required
to cover the catalyst surface with adsorbed nitrogen molecules were estimated to yields
the catalyst’s surface area.

4.4.1 Gas sorption analysis of Catalysts Series B1
The figure 35 presents the isotherms of catalyst B1 and catalyst B1_DR. Both Catalysts
present isotherms type IV, which describes strongly adsorbing surfaces. These catalysts
present hysteresis type H3 indicating the presence of mesopores, indeed closure at
P/Po= 0.4 indicates presence of small mesopores. The values of Surface Area and Pore
Diameter of Catalysts B1 are compiled in table 4-2; the BET surface area of Catalyst B1
is 250.3 m2/g and 210.8 m2/g for Catalyst B1_DR; those are high surface areas,
especially for unsupported catalysts, proving that hydrothermal method is an excellent
technique for synthesis of materials highly porous and highly active.
The surface area of Catalyst B1_DR was reduced about 16%, this decrease is not
severe, and the reduced surface area may be ascribed to the blockage of carbide on the
surface.
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a) Isotherm Catalyst B1

b) Isotherm Catalyst B1_DR

Figure 35. Isotherms of Catalysts Series B1

Table 4-4 Surface Area and Pore Diameter of Catalysts Series B1
Catalyst B1

Catalyst B1_DR

Surface Area

Pore Diameter

Surface Area

Pore Diameter

(m2/g)

(Å)

(m2/g)

(Å)

250.3

28-45

210.8

29-46

Methods such as the one by Barrett, Joyner and Halenda (B.J.H.) allow the computation
of pore sizes from equilibrium gas pressures. Using isotherms, it is possible to link
adsorbed nitrogen volumes with relative saturation pressures at equilibrium, and
convert them to cumulative or differential pore size distributions. At the equilibrium,
nitrogen pressures approaches saturation, the pores become completely filled and its

71

possible calculates the volume occupied by nitrogen and, consequently, the total pore
volume of the catalyst.

a) Pore size distribution of Catalyst B1

a) Pore size distribution of Catalyst B1_DR

Figure 36. Pore size distribution of Catalysts Series B1

Most of the pore volume (Figure 36) in Catalysts Series B1 comes from mesopores (20–
45 Å) with a maximum for pore diameter of 36 Å. Practically, both catalysts present
mainly mesopores and relatively small amount of macropores.
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4.4.2. Gas sorption analysis of Catalysts Series B2
The figure 37 presents the isotherms of a) catalyst B2, b) catalyst B2_Sulf and c)
catalyst B2_DR. Catalyst B2 present hysteresis type H2 with the desorption branch
being much steeper than the adsorption branch indicating a broad distribution of pore
sizes and pore shapes, from pores with narrow necks and wide bodies to an
interconnected pore network.

a) Catalyst B2

b) Catalyst B2 after sulfidation

c) Catalyst B2 after HDS of DBT

Figure 37. Isotherms of Catalysts Series B2
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After sulfidation treatment, it is apparent that Catalyst B2 loop changes from hysteresis
type H2 to type H3. The values of Surface Area and Pore Diameter of Catalysts B2 are
presented in table 4-3; the BET surface area of Catalyst B2 is 101.32 m2/g and 143.89
m2/g for Catalyst B2_DR which represent a huge increase of about 42%, and the
improvement in surface area may be ascribed to the phase change, starting as oxides in
fresh Catalyst B2 and finished as sulfided forms in Catalyst B2_DR.

Table 4-5 Surface Area and Pore Diameter of Catalysts Series B2
Catalyst B2

Catalyst B2_Sulf

Catalyst B2_DR

Surface Area

Pore Diameter

Surface Area

Pore Diameter

Surface Area

Pore Diameter

(m2/g)

(Å)

(m2/g)

(Å)

(m2/g)

(Å)

101.32

29-45

106.93

24-46

143.89

28-46
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a) Catalyst B2

b) Catalyst B2 after sulfidation

c) Catalyst B2 after HDS of DBT

Figure 38. Pore size distribution of Catalysts Series B2
The majority of the pore volume (Figure 38) in Catalysts Series B2 comes from
mesopores (20–45 Å) with a maximum for pore diameter of 36 Å in all of these
catalysts, this occurrence is due to the same hydrothermal method used in all the
synthesis presented in this dissertation.
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4.4.3. Gas sorption analysis of Catalysts Series EDB1
The figure 39 presents the isotherms of catalyst EDB1 and catalyst EDB1_DR. For
catalyst EDB1 the distance between adsorption and desorption curves is much narrow
than in the case of catalyst EDB1_DR. The distribution curve suggests that catalyst
EDB1 possesses mainly macropores and relatively small amount of mesopores in
opposition to catalyst EDB1_DR. For both catalysts very small amount of micropores are
measured. This means that the pore system produced during the synthesis of these
catalysts should allow the diffusion of relatively large heterocompounds such as DBT
and alkyl derivatives of DBT to the active centers and then the diffusion of the final
products.

a) Isotherm Catalyst EDB1

b) Isotherm Catalyst EDB1_DR

Figure 39. Isotherms of Catalysts Series EDB1

76

The values of Surface Area and Pore Diameter of Catalysts EDB1 are shown in table 44; the BET surface area of Catalyst B1 is 93.71 m2/g and 88.12 m2/g for Catalyst
B1_DR, this represent a decrease of about 6% which is an indication of the stability of
Catalyst EDB1.

Table 4-6 Surface Area and Pore Diameter of Catalysts Series EDB1
Catalyst EDB1

Catalyst EDB1_DR

Surface Area

Pore Diameter

Surface Area

Pore Diameter

(m2/g)

(Å)

(m2/g)

(Å)

93.71

18-45

88.12

29-46

a) Pore size distribution of Catalyst EDB1

a) Pore size distribution of Catalyst EDB1_DR

Figure 40. Pore size distribution of Catalysts Series EDB1
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Pore size distribution of Catalyst EDB1 shown in Figure 40a) in accordance with its
isotherm (Figure 39a) evidences the presence of quite amount of macroporous,
whereas that Catalyst EDB1_DR (Figure 40b), presents majority of the pore volume in
mesopores region (20–45 Å) with a maximum for pore diameter of 36 Å.
It has been reported [54] that a carbon containing precursor presents a decreased
surface area compared to carbon free precursor, this is corroborated in the sorption
analysis of Catalysts EDB1, because the presence of alkyl group in the synthesis of this
material yielded a decrement in surface area compared to Catalyst B1 and Catalyst B2.

4.5 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a method for high-resolution imaging of
surfaces. The SEM uses electrons for imaging, much as a light microscope uses visible
light. The advantages of SEM over light microscopy include much higher magnification
(>100,000X) and greater depth of field up to 100 times that of light microscopy. Precise
measurement of measurement of very small features and objects down to 50 nm in size
is accomplished using the SEM.
By means of SEM, it is possible to understand on a microscopic scale, the response to
changes in variables such as temperature and pressure of reactive gases, experienced
by materials.
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This instrument is widely used to determine morphology of microstructures. The size
and shape of the catalysts affect its performance, stability and selectivity, so nanoscale
imaging of catalysts is therefore required to understand how each of these factors
changes during a chemical reaction.

4.5.1 SEM of Catalysts Series B1

5μm

30μm
a) SEM of Catalyst B1 Magnification 1500x

b) SEM of Catalyst B1 after HDS of DBT
Magnification 5000x
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15μm
C) SEM of Catalyst B1 after HDS of Real Feed
Magnification 10,000x

Figure 41. SEM of catalysts Series B1

Figure 41 shows scanning electron microscopy (SEM) images of the Catalyst Series B1.
Figure 41a is a typical overall view of the 2H-MoS2 powders, showing a layered
morphology along with a large number of Co nanoparticles distributed over the surface
of MoS2, this catalyst presents large cavities about of 30µm, resulting from the release
of gas compounds during its synthesis at high pressure decomposition process. Catalyst
B1_DR appears to have a disordered morphology with agglomerated and spongy
particles, whereas that Catalyst B1_RF presents the characteristic layered structure with
metallic cobalt grains distributed evenly on the catalyst surface.
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4.5.2 SEM of Catalysts Series B2

15μm
a) Catalyst B2 magnification 10,000x

15μm
b)
Catalyst
B2
magnification 20,000x

15μm
c) Catalyst B2 after HDS of DBT
20,000x

Figure 42. SEM of catalysts Series B2
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magnification

after

sulfidation

Scanning electron microscopy micrographs of the catalysts Series B2 are presented in
Figure 42.

SEM revealed clearly changes in morphology as a function of H2S/H2

treatment, suggesting that distinct crystalline phases were formed in which disorder
prevalence. Catalyst B2 (figure 42a) has a poorly developed porous system which
results in low surface area in concord with gas sorption analysis presented in section
5.4. Some rods and needle-like structures were observed for the B2_DR as shown in
figure 42c which are overlapped on small crystallites, whereas other type of
morphologies as agglomerates and spongy particles, were exposed for catalyst B2_Sulf.

4.5.3 SEM of Catalysts Series EDB1

15μm

15μm
a)
SEM
of
Magnification 15,000x

Catalyst

EDB1

b) SEM of Catalyst EDB1_DR
15,000x

Figure 43. SEM of catalysts Series EDB1
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Magnification

In general, scanning electron microscopy on catalysts Series EDB1 showed
agglomerates and spongy particles difficult to distinguish one from another. Fresh
catalyst EDB1 resembles a sponge with many pores, possible routes for gas migration
during its synthesis. Despite the extreme conditions in HDS of DBT, catalysts EDB1_DR
maintained its morphology, showing no sintering.
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4.6 Elemental Analyses
The elemental composition and atomic ratios were determined by using ICP analysis
and the results are reported in Table 5.5. Using the atomic percentages was possible to
determine by stoichiometry the compounds present in each catalyst and those are in
good agreement with the compounds found by Simulated XRD. The atomic ratio W/Mo
for all catalysts remains very close at a value of 1.
Table 4.7 Elemental Analyses
Catalysts

Mo

W

S

Co

Ni

MoS2 Control

1

0

2.16

0

0

MoS2

B1

1

0

3.05

0.49

0

MoS2 and CoS2

B1_DR

1

0

3.1

0.59

0

MoS2 and Co9S8

B1_RF

1

0

2.316

0.58

0

MoS2 and Co9S8

B2

1

1

2.775

0

0.95

MoWS2 and Ni4S3

B2_Sulf

1

1

3.96

0

2.03

MoWS2 and NiS

B2_DR

1

1

3.25

0

1.05

MoWS2 and NiS

EDB1

1

0

3.1

0.484

0

MoS2 and CoS2

EDB1_DR

1

0

3.05

0.49

0

MoS2 and CoS2
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Compounds

CHAPTER 5
GENERAL CONCLUSIONS
A new family of unsupported TMS catalysts is presented with efficiencies significantly
greater than current commercial catalysts in HDS reactions. These catalysts present
high catalytic activity, twice more activity (in a weight basis) than an industrial CoMo/
alumina catalysts, along with high surface areas, that allow the diffusion of relatively
large heterocompounds such as DBT and alkyl derivatives of DBT to the active centers
and then the diffusion of the final products.
Three catalysts (B1, B2 and EDB1) were synthesized and the scientific basis behind the
activity improvements is presented. These catalysts were tested in a laboratory scale
using the Hydrodesulphurization of Dibenzothiophene as a model reaction and
characterized before and after the HDS of DBT by X-Ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), ICP elemental analysis, High Resolution Transmission
Electron Microscopy (HRTEM), Nitrogen sorption analyses and Gas chromatography.
Through the use of gas chromatography, it was possible to follow the chemical reaction
based in the dibenzothiophene decay concentration. The diffraction data confirm the
presence of segregated phases in all of the catalyst, whose presence is the key to the
high catalytic activity. Nitrogen sorption analyses allowed determining the catalyst’s
porosity, displaying adsorption-desorption curves corresponding to type IV isotherms
characteristic of mesoporous materials and poorly crystalline structures, this was
85

confirmed by SEM analyses. Using HRTEM it was determined the amount of layers that
were stacked in each catalyst, as well as the structure of each material by using Cerius2
simulation program.
The results obtained suggest that very active catalysts, for instance catalyst B1, can be
obtained without alkyl chain when a really good method of synthesis is employed, such
as the hydrothermal method chosen in this work; EDB1 presents the highest normalized
catalytic activity per surface area, suggesting future research for the synthesis of even
better catalysts.
The hydrothermal method of synthesis chosen was a crucial step; this method produced
pretty active and high surface catalysts, properties that are highly advantageous in a
catalyst for petroleum applications.
The catalytic activity results in pilot plant obtained at Accelergy, confirmed our in house
results.
The catalysts presented in this dissertation were the basis for two successful U.S.
patents [57-58] that are currently licensed.
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